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SUPERCONDUCTING MACNETIC ENERGY STORAGE FOR ELECTRIC POWER SYSTEM STABILIZATION

R+ D. Turmer

Univeroity of California
Los Alsmos Scientific Laboratory
Los Alamos, Nev Maxico 87343

ABSTRACT

A Superconducting Magnetic Energy Storage
(SMEE) system 1o being developed at the Los Alamos
Scientific Laboratory (LASL) for a dynamic
stabilizer to be i{nstalled in the Bonneville Power
Adainistration (BPA) pover system at Tacoma,
Washington, by 1982. This uunit will be an alternate
stabilization method to the dc modulator now used to
stabilize the 900 mile, ac iatertie between BPA and
Southern California. The aeneration control
systems’ response to the constantly occuring,
small-load and voltage changes can result in
negatively danped, low-frequency power oscillations.
The dc wmodulator provides stabilization by fast load
control of the High-Voltage dc (HVDC). The SMES
unit consists of a 30-MJ g@olencid, [ 10=-MW
convertor, a liquid helium devar, and auxiliary
systems vhich operste independent of the HRVDC
systens The SMES dynamic etabilizer design 1»s
presented herein, and status information 1ia given
about the superconducting coil, the converter, and
other components of the SMES dynamic stabilizer.

ADVANCES IN  SUPERCONDUCTING  TECHNOLOGY HAVE
PNOGRESSED in recent years to 1indicate thot its
utilization by the electric powar industry will aoon
become a reality. The gero ohmic resietance of a
superconductor makes it unique. In solenoid form, a
supsrconducting coil 1s aessentially a classical
inductor that can be utilized to store energy
through a high de¢ current with a very long L/R time
constant. Any reristance arises from joints in the
superconducting cable. Other emall 1loeses arise
from ac effects (hiystersis and eddy currents)during
charge and discharge of the coil.

A BMES unit 1e being developed at LASL for
electric pover system dynamic stabilization. This
uait will be 1installed in the BPA power system at
Tacoma, Washington(l*) by 1982 and will be an
alternative to the 40 MW-dc modulator which is now
being used to compansate for <=he HVAC intertie’s
underdamped characteristics. The SMES wunit will
operate independently of the HVDC syestem to provide
damping to thr ac system.

The Pacific Northwest-Southern Californis power
iuntertie consiste of two very large generator-load
complexes located at the ends of a 900 mile,
relatively veak transmiseion system, PFig. 1. This
trsusnmiasion systen is made of three eejparate
transmission liner which are slectrically parallel.
Two 3-phaee, 30C-kV ac lines, vhich aleo have some
230-kV sections, hive a thermal design ratiung of
2000 MW each. The HVDG intertie is the third system
vhich has a 1440-4W transmission capacity and i

.I\-bou in parentheses designate References at end
of paper
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Fige [« = Pacific intertie tranemmiseior system
routes and dynanic stabilizers

operated at * 400 kV. This cransmission eystem,
because of its size and length, 1s an interregional
intertie which characteristically requires oore
extensive stabiliration than 1is commonly needed by
radial intertie power syatems(2). Operation of the
intertie provides for the export of power to
Southern California during perifods of excess
capacity and the day-to-day off-peak energy exchange
between power regions required for load profile
sconomic dispatch.

Before the 1nitial energizing of the ac
intertie, studies had shown that under some
load-generation conditions ncgatively damped powver
oscillations wvere 1likely to occur. These would
prevent the designed operating power tranamission
capacity from being realfzed (1). Initfal overation
confirmed the predictiona, and a transmission powsrt
limit of 1700 MW was used unt{l Power System
Stabiliszer (PSS) control systems wvevre installed on
the penerators (4). Tha PSS iaproved the system’s
dyoamic oetability, and stable pover transmission at
2100 MY was achieved  until wid-1974 whan
spontaneous, negatively damped, powver osciltatlons
of about 300 MW peak-to-peak mmplitude at 0.33 Ha



frequency vere observed several times throughout the
Weatern Interconnected Pover System, (3) Fig. 2. In
1975, a 40-MW, dc modulator was installed by BPA to
provide additional damping to the ac intertie by
means of fast load control of the HVDC system. This
improved the ac system’s stability to allow the 2100

MW transmission operating limit to be increased to

2500 MW (S). *

Representatives of BPA and LASL met in 1975 to
explore the feasibility of a small SMES unit for use
as a dynsmic setabilizer on the ac intertie to
provide an alternate system to the dc modulator that
would not be subject to the HVDC system’s
unavailability. As of now. two iterations of the
SMES dynauic stabilizer dcsign have been completed
(6). Tacoma, Washington, has been chosen ar the
location for the inastallation of the atabilizer
unit, and some component fabrication ccatracts have
been placed with commercial manufacturers.

SMES DYNAMIC STABILIZATION SYSTEM

A SMES dynamic stabilizer consists of five
major components--a superconducting solenoid, an
ac-dc-ac solid-state converter, a liquid-helium
dewar, a liquid-helium refrigerator, and auxiliary
and control systems. The functional relationship of
these components is shown in Fig. 3.

The technology base needed for these components
currently exists in the various 1industries’
state-of-the-art. With the exception of the
superconducting ciil and the dewvar, design
adaptations of currently manufactured equipment can
be utilized for the system. Both the
superconducting coil and ite dewar must be designed
for the raquirements of each application. BPA has
performed studies using a modeled SMES unit in their
sysiem as an alternate dynamic stabilizer for the
HVAC intertie. They have recommended that the SMES
stabilizer’s power-absorption, powver-delivery
capacity be * 10 MW. A t 5-MW power range of
operation provides cssentially all the stabilization
needed Ly the HVAC intertie. Purdue University has
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confirmed the previous BPA work through power system
simulation ~Atudies of ¢th. SMES unit stabilizer’s
storage capacity, its power level and time response,
and the expected control system behavior.

Table I 1s a summary of the superconducting
solenoid’s design and operating parameters together
with the preliminary dimensions.

SUPERCONDUCTING COIL

Most 8superconducting solenoids that have been
designed i1in recent years and reported in the
literat'rz are for applications that need large
energy storage capacity such as fusion power
experiments and daily load-leveling of electric
utility power profiles (8,9). In contrast, the SMES
dynamic etabilizer Lequires relacively small
qrantities of energy storare that will be cycled in
and out of the coil many times on a daily basis for
periods of a few meconds’ duration. The economics
associated vith coil geometry optimization (9) Eavor
a solenoidal aspect ratio (diamcter-to-height) of
approximately 3. The coil’s stored energy, when
fully charged, is to be 30 MJ. A maximum enerpy
transfer of 9.1 MJ to the ac power system 1is the
designed discharge limit. Limiting the
depth-of-discharge minimizes the cyclic strain and
magnetic field variations on the coil and system
components, reduces the refrigeration heat load, and
reduces the structural fatigue load as compared to
operation at greater dept=-oi-discharge limits.
During a discharge cycle, the coil current decresses
from 4.9 kA to 4.17 KkA. At the esame time, the
magnetic field maximum at the conductor decreasea

TABLE I - DESIGN FARAMETERS OF A 30-M.J
SYSTEM STABLILIZING SMES UNLIT

Maximum power capability, MW 10
Opernting frequency, He 0.35
Enargy interchange, MJ 9.1
Maximum stored energy, MJ 30.0
Coil current at full charge, kA 4.9
Maximum coil terminal voltage, kV 2.1)
Muximum field at full charge, T 2.8
Inductance, H 2.5
Oparating temperature, X 4.3
Mesn radiues, m 1.33
Reight, n 1.13%
Radial thicknesa, m 0.4
Number of turns 900



TABLE 11 - PARAMFTERS OF A 30-MJ SYSTEM
STABILIZING COIL (6)

Energy stored st full charge. MJ 30
Energy stored at end of discharge, MJ 20.9
Current at full charge, kA 4.9
Insulation standoff voltage, kV 10
Maximum field at full charge, T 2.8
Inductance, H 2.5
Operating temperatura, K &5
Mean radius, o 153
Reight, m 1.15
Radial thickness, m 0.4

Humber of turns 900
Conductor ]engsh. m, 865

EbTi volume, n 2.34 x 107

¥bT1i mass, kg 131
Composite core mass, kg 756
First subcable mass, kg 5750
Second subcable mass, kg 6750
Strap mass, kg 383

Current dens/ty in copper at 4.9 kA, Aémz 6.7 x 10

Current density in superconductor, A/m l.3 x 109

from 2.8 T to 2.3 T. Table II is a summary of the
superconducting coil parameters.

The maximum axial satress in the coil 7.2 MPa
(1050 pei) occurs at the axial midplane at the mean
coil radius. If this stress is carried entirely by
the conductor support strap, the resulting streess in
the etrap is 25 MPa (3700 pei). The maximum radial
atress, vhich occurs near the average radius in the
axial midplane, is 20 MPa (2900 psi) compressive in
the straps The hoop atress maximum of 303 MPa
(44 000 psi) aleo occurs at the coil midplane in the
strap. The main structural m.uterial 1in the <coil
structure will be G-10 epoxy-fiberglass.

A contract has been awarded to Gulf General
Atomic Co. for the detail design of the coil.

SUPERCONDUCTOR DESIGN

The conductor
patterned after the
for the LASL/Magnetic
program. This coil
initial 300-kJ energy
without aexperiencing
of superconductivity.
NETS superconductor

composition with added copper to

cryostability and
characteristice.

design and 1its wsupport are

Westinghouse coil constructed
Enerpy Transfer Storage (METS)
vas repeatedly cycled from an
level to a complete diascharge
a premature or unexpected lose
For the RPA application, the

has a modified filmment
improve its
maintain ite low loss

Figure 4 is a photomicrograph with

300x wmaynification of the superconductor to ba used
in the cable for the coll.
The firet subcabla, the fundamental unit of the

cable composite, 1i»

an insulated, array of esix,

Ue5]-em-diem coprer conductors spiral w-appad around

a cantral

lupgrconducting strand of the smme

dimetar. Kapton film 1is proposad as an insulating

vrap for the first-level subcable.

Six, first~level

subcables vill be cabled about an inactive central
copper or superconducting core, which will be used

to detect

resistive

regions. Ten of the

second-leavel gsubcables ara spiral vrapped around a
supporting strap to form the complets conductor, see
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Fige 4. = A photomicrograph of NbTi{/Cu superconductor
vith a 500x magnification

Fig. 5. - Buperconductor cable composite

Tabrication of the 0.51-nm~diam superconductor
has been completed and ahort sample testing has been
done to develop statistice for the mean critical
current-background magnetic field characteristics.
Also, the standard deviation and other statisticel
parameters have been evaluated to determine if there



are significant differences among lots of the
superconductor.

The manufacture of the BPA superconductor
required nire, heat-treated batches to produce the
camplete order. Seven random samples were taken
from each heat-treated unit and a short sample
critical-current test wvas performed on each. The
eritical-current mean {s approximately normally
distributed for the entire populatign. t 4.5 K,
1 = 123 A (J. = 2.4z x 10° A/cm“), with a
-ﬁ!ﬁ&lﬁ!‘ deviation oi 5.6A. This provides an
adequate design margin for the lu value used in the
coil design.

CONVERTER SYSTEM

A lipne-commutated converter, Fig. 6, provides
the electrical interface between the superconducting
coil and the BPA pover system. It is a Graet:
bridge circuit 1in which the semiconductors are
silicon controlled rectifiers (SCR), which can be
operated in either rectifier or inverter modes. The
converter provides three basic functions; to provide
a dec 1ink between the converter and the
superconducting coil, to provide ac coupling between
the converter and the ac power aystem, and to
provide the needed isolation between the ac and dc
circuits, Fig. 6. In the rectifier mode, the
converter absorbas power from the ac eystem and
converts it to dc for charging the superconducting
coil. Conversely, in 1its inverter mode, stored
energy 1is reconverted from d¢ to ac powver and
returned to the ac pover system. A twvelve-pulse
converter will be used for the BPA stabilizer, in
vhich the transformer’s dual-secondary, 4-Y windings
provide a 30° phase shift of the 3-phas: line power
for 6-phase ac to the converter’sa -- terminals.
Twelve-pulse converters provide dc with a lowver
ripple content and lower harmonic content which
reduces the filter requirement needed over wvhat can
be obtained from a J-phase, 6-pulse converter.

The converter design parameters are determined
from the maximum ainusoidal power demand with the
operating frequency of 0.35 Hz and the coil
characteristics. For a maximum power of 10 MW, the
energy exchange required is 9.1 MJ. The maximum
coil current of 4.9 kA, determined because of
superconductor considerations, is also the maximum
converter current. The maximum converter voltage
wil)l be 2.13 kV at a current of 4.6 kA. The
converter has to be designed for the maximum
voultage. For a 10% commutation reactance and load

e lfm—H | i

TRANSFORMER

:

GRAETZ-BRIDGE

Tig. 6. - SMES converter system basic circuit

currents of approximstely 5 kA, the no-load voltage
of the converter should be 2.5 kY. The {installed
converter thus has a pover rating of 12,5 MW,

The Robicon Corps., Pittsburgh, Pennsylvania,
has been avarded the contract to build the SMES
10-MW converter, vhich 18 echeduled to be completed
October, 1979. .Figure 7 18 the 12-pulse converter
circuit shoving the electrical components that it
will contain. The converter SCRs as shown in Fig. 7
are Westinghouse 53)-mm cells vhich have a 3200 peak
inverse voltage raving and ar> mounted on air cooled
heat sinks. Fight SCRs must be mounted in parallel
for each of the 12 sections in the converter and
each will ©be equipped with current-balancing
“uductors and protective fusing. The SCR gate drive
will be a dual, hard-gate drive impulse combined
with a pulse sustainer "back porch" currente.
Converter control will be b% snalog input for SCR
conduction between 10° and 165 phase angle delay
range.

COIL STABILIT'. PROTECTION AND LOSSES

Although the proposed coil and conductor will
be self-protecting under regular operation, there
may be circumstances which require a backup
protection system to diacharge the coil quickly. 1If
the ac-to-de converter were used to discharge 30 MJ
the decay time period will be 5.5 s. A diecharge of
coil energy through the converter to the ac line at
the wrong time might trigger an inatability of the
type the unit is designed to control. Further, 1if
emergency situations such as dewar vacuum 1loss are
considered, vhich would result in a eudden
superconducting to normal state transition (quench)
of the coil, 1t mnight be desirable to reduce the
discharge time below 5.5 s. Therefore, the coil
energy 1is to be dissipated in a l-ohm external
resistor, with a terminal voltage of 5 kV and an L/R
decay time cf 2.5 s, Fig. 7. lahoratory experience
indicates that the quench detection sensitivity
against a background 2-kV operating voltage whuld
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Fige 7. = BME} BPA power system dynamic stabilizer
converter circuit



correspond to ‘approximately one normal turn. A
thermohydraulic analysis shows that if the heat
tranafer does not change with time, the conductor
will simply remain at a temperature of approximately
10 K. The additional boiloff csused by the
increased heat load of 33 W per normal turn could be
used to trigger the protection circuit. If a number
of adjacent turns in the ssme laver are normsl, the
volume of gas generated may reach a critical vapor
fraction which could cause vaporlocking.
Calculations show that the electrical protection
system should detect a considerably smaller normal
region and would trigger well before wsuch a
aituation occurs.

CRYOGENIC COMPONENTS

The 1iquid helium devar, refrigeration system,
and associated peripherals provid= the 4 K
temperature environment for the superconducting
coil. Dewar design is contingent upon the
coupletion of the final coil design. It will be
fabricated of an insulating material to avoid eddy
current heating and most likely will be a
fiberglass-reinforced plastic material. The dewar
will be cylindrical with the coil structure
suspeuded from the removable top closure. Table III
is a summary of the calculated losses that occur
during the charge-discharge cycle of the stabilizer.

A CT1 Cryogenics/Sulzer Model TCF-50 1liquid
helium refrigerator has been purchased and will be
delivered in mid-=1979. The refrigerator is equipped
with two acrew-type compressors to improve its
long-term reliability. The compressor helium flow
can bLe controlled from 30% to 100X by a slide valve
arrangement. £An estimate of the dewar and coil heat
loads is given in Table IV. Both the mechanicil and

TABLE IITI ~ CALCULATED HEATING OR LOSSES IN
THE 30-MJ COIL DURING THE CHARGE~DISCHARGE CYCLE

. Conductor Losses

Hysteresis, W 39.4
Self-field, W 2.5
Coupling, W 8.3
Eddy currents, W 34
53.6
Structure Losses
Eddy currents, W 0.2
Mechanical, W 50.0

TABLE IV - SUMMARY OF CALCULATED REFRIGERATOR
AREQUIREMENTS FOR 30-MJ SYSTEM STABILIZING SMES UNIT

Conductor ac lossen, W 59
Mechanical losses, W 30
Davar heat leak, W 3
(radiation and conduction)
Transfer lina losses, W 3
(l1iquid nitrogen shielding)
Total, W 148

Liquefaction loads,
pover leads, 1/h, W 15

electrical lossea of the coil are conservative and
will probably be reduced.

CYCLIC EFFECTS

The wmost difficult area of design, for which
the loast knowledge exists, {8 that of mechanical
and electrical integrity. Th conceEn ar{ses from
the expected minimal life of 1 to 10* cycles for
the stabilizing wunit. Only 1limited information
exists on cyclic, cryogenlc  properties for
fiberglass-epoxy laminates and electrical insulating
materials. Abrasion, wear, and cracking can be
serious problems.

An experiment will be undertaken to determine
the life expectancy and/or design limits in terms of
stresses and bearing loads that can be imposed on
the conductor, the cable, and the insulation 'to
maintain mechanical and electrical integrity.

ENVT JONMENTAL CONSIDERATIONS

All SMES wunits will produce magnetis fields
beyond the cryogenic enclosure. For the 30-MJ coil,
the field beyond the devar will be a few gauss. Ar
40 m (133 ft) the field due to the coil should be
below the average value of the earth’s magnetic
field, 0.3 GC. Forty meters is expected to be well
within the fence that defines the site boundary and
surrounds the transformer, converter, refrigerator,
and coil. Consequently, no envirommental impact is
expected from the magnetic field.

CONCLUSIONS

Superconducting magnetic encrgy storage systems
for power transmission linc stabilization are well
vithin the present state of the art. A 30-MJ
superconducting storage aystem with a 10-MW power
rating can be bujlt to modulate, at 0.35 Hz, the
HVAC Intertie betweeen the Pacific Northwest and
Southern California to damp the power system
oscillations-
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